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FOREWORD

This report was prepared by Ohio State University Research Foundation
under Air Force Contract F33615-71-C-1257. The contract was initiated
under Project No. 7342, "Fundamental Research on Macromolecular Materials ~
and Lubrication Phenomena," Task No. 734002, "Studies on the Structure-
Property Relationship of Polymer Materials." The work was administered
under the direction of the Elastomers and Coatings Branch, Nonmetallic :
Materials Division, Air Force Materials Laboratory, with Dr. William L. Lehn
serving as Project Engineer. This report describes work conducted between
1 January 1971 and 30 August 1972. This report was released by the authors
in September 1972 for publication as a Technical Report.

This technical report has been reviewed and is approved.

’;ffigég;L‘ T

WARREN P. Ju , Chief

Elastomers and Coatings Branch
Fcametallic Materials Division
Ai. Force Materials Labora.ory
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ABSTRACT

Oxygen transport in polymonometliylsiloxane was investigated
and compared to polydimethylsiloxane properties. The efiecis of
rutile pigmentation on the permezbility, diffusion, and solubil-
ity of oxygen through polymonomethylsiloxane were investigated.
Permeability and diffusion constants decreased with increasing
pigment concentration and there was no evidence of oxygen sorp-
tion on the pigment.

Relative adhesion of polydimethylsiloxane and polymonome-
thylsiloxane on rutile was predicted from water contact angles.
Polymonomethylsiloxane was proposed to have the greater adhesion
but was smzll in either case.

The stability of dimethyl and monomethyl polysiloxanes
pigmented with rutile and zinc oxide was evaluated in a2 sixu~
lated snlar uitraviolet envirorment. Oxygen transport proper-
ties of the selected polymers were not observed to limit damage
of either pigment. Degradation of silicone/rutile paints was
attributable to independent optical damage in the pigment and
polymer. The silicate-coated rutile exhibited small reflectance
changes as reported for other silicate coated pigments.

Ultraviolet degradation of zinc orthotitanate powders
exhibited no dependence on either pigment particle size or
quenching temperature. The initial solar absorptance increased
with increased quenching temperature.
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DEGRADATION MECHANISMS OF PIGMENTED COATINGS
I. INTRODUCTION

Stringent temperature control for spacecraft is necessary to pro-
tect man and temperature-sensitive eleclronic equipment. The exchange
of radiant energy between the vehicle and space, the principal means
for temperature regulation, is controlled by the optical properties of
the surface of the spacecraft. For space travel near the earth. coat-
ings have been applied with a low solar absorptance (as) to infrared
emittance (¢) ratio. Thermal control coatings are white and consist of
oxide pigments of high index of refraction dispersed in a polymeric
binder of low refractive index. Unfortunately, coatings of this type
are damaged when exposed to high energy bombardment (solar ultraviolet
radiation, protons, and electrons) in space. The damage produces an
increase in the solar absorptance of the paint.

Much work has been directed toward identification of the degrada-
tion mechanisms. If the causes of degradation were understood, coatings
vhich are stable or, at least, degrade in a predictable mamner, might
be developed. Degradation has been observed in the pigment and the
polymeric binder; however, binders now exhibit minimal degradation and
the major goal remains to develop a stable pigment.

Radiation produced defects which absorb photon energies in the solar
spectrum are the cause of optical degradation in oxide pigments. The
identification of the absorbing defects has received considerable atten-
tion. For the purpose of this investigation, the exact absorbing species
is unimportant but in all cases the formation of absorbing species is
accompanied by the photodesorption of oxygen. Thus, the oxygen trans-
port properties of polymer encapsulants will influence pigment stability.

In some cases, polymeric binders have substantially influenced the
degradation of thermal control coatings but the interaction of the pig-
ment and the polymer has not been established. Suggestions of pigment
surface passivation by the encapsulating medium has warranted considera-
tion of the pigment-polymer interface stability. The surface condition
of the pigment has been regarded as being a prime consideration in under-
standing degradation.

The purposes of this investigation are to determine pigment degra-
dation dependence on (1) oxygen transport in typical polymeric binders,
(2) pigment/polymer surface compatibility, (3) pigment surface area, and
(4) heat ireatment,

SRS YR
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II. TECHNICAL DISCUSSION

1. Solar Reflectamce and Absorptaqce

The effect of optical parameters on solar reflectance, Ry, and
solar absorptance, ag, may be defined by. measurement principles. Solar
reflectance is measured for calculation of solar absorptance and their
sum is unity,

Rg +ag =1 . (2)

r
Reflectance is measured as a function of wavelength and relative to 2
suitable white standard such as MgO, Mgco3, or BasS0,. The reflectance
of the standard is assumed to be.one, R gtq = 1. The subscript denotes
a sample sufficiently thick to prevent transmss:.on, in practice, typical
standards have a reflectance of 0.98 to 0.99.1 The reflectance of typi-
cal thermel control pigments is shown in Fig. 1.

Solar reflectance over thc solar spectrum® may be calculated from

I IR | (2)_

where Ig) is the solar radiation mtens1ty at a spec1f1c wavelength and
Ry is the resulting reflectance.® At any wavelength, solar reflectance
is proportional to solar radiation intensity. In practice, the solar.
spectrum is incremented into n equal energy bands, and solar reflectance
is calculated from !

n o .

Rg =2 Ri/n ' (3)
i=1 :

where Rj is the average reflectance.

2. Flight Evaluations of Coatings

Until 1965, the solar absorptance of oxide pigments, such as ZnO
and Ti0,, was thought to increase only slightly by exposure to ultra-
violet radiation. In the laboratory, the most stable thermal control
coating was polydimethylsiloxane pigmented with zinc oxide which later
proved extremely unstable. Before 1965, uptical stability was deter-
mined by measuring the solar reflectance before and after ultraviolet
irradiation in a vacuum but with post-irradiation reflectance measure-
ments in air.

The first serious discrepancies were reported by Tearson® for data
collected on Orbiting Solar Observatory II. Solar absorptances of

Preceding page blank 3
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(b) Rutile, and (c) Zinc Orthotitanate at Five Suns
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titanium dioxide and zinc oxide in silicone binders increased at rates
Zreater than lakboratory predictions. Confiming éata were cttained on
thelhrmﬂﬂ;@xtvherennconﬂempotassmszl.&tedegmdeﬂ
at ten times the laboratory rates.® The flignt-laborztory discrepencies
were demonstrated by MacMillsn et =1. by decreased reflectance under
vaciem apd ultraviclet irradiation.® Subsequent measurements of reflec-
tance under vacumr were referred to a2s in sits.

Zinc oxide and titarium dioxide, botk in polydimethylsiloxene,
exhibited increases of 0.10 ard 0.15, respectively, in solar absorptance,
Aag, at 1330 eguivalent sumlight bours, ZSH. No further zbsorptance
changes occurred or: terminatior of ultraviolet irrzéiztion, but within
ten minutes of air adeission, induced solzr absorpiance decreased to
0.01 for zin~ oxide and %o 0.03 for t.taniwm dioxide. The solar absorp-
tance recovery tc near pre-irradiation values imvalidated many rrevious
radiation darz2ze concepts. A description of in sitn refiectance appe-
ratu< w2s reporied by Zerlant and Courtney.”

Since radiation-irduced solar absorptance bleaches reridly by
exposure to 2ir. z meber of flight experiments were desigred to test
Xatorzicry in situ measurecents. Datz from Pegzsus I and (S0-II (both
nezr-earth orbit spacecraft) agreed well with laboratory results for a
zine oxide apd polydimethylsiloxere coating.f Flight-laboratory correla-
tion was shown to be highly dependent on the lzboratory ultraviolet
radiation source. Sarmples froe the near-earth orbit of 0SC0-TII corre-
lated well for zinc oxide degraded with a mercury arc lamp wkile xenon
radiation produced ruch higher optical damage than found in flight.®
This was surprising because xenon radiation matches the solar spectrum
better than z mercury arc, and induced absorptance is highly dependent
on the spectrun of the radiztion source.l®

For deep space flights {the Mariner and Lumar Orbital series),
solar absorptance increases were much greater. Increased degradation
was attributed to increased particulate radiation (solar electrons and
protons) found in deep space. Particulate radiation is negligibie for
near-earth flights and vrediction of thermal contrcl responses from
laboratory testing is reliable. Deep space simulation using corbina-
tions of electrons, protons, and solar ultraviolet radiation has been
poor due to the inability to duplicate the solar radiation enviromment
and the synergistic effects of combined irradiation.11,12

3. Degradation and Damage Mechanisms

The evolution of oxygen from oxide pigments by the combinmation with
photo-induced defects is necessary for most proposed mechanisms of altra-
violet degradation. The strongest evidence for relating ultraviolet-
induced reflectance decreases to oxygen desorption has been the recovery
of reflectance to pre-irradiation values with oxygen admission.
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2. Zine Oxide
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Cptical dzmage in zime oxide cccurs in two distimet regiorns,
the visible {0.5-0.8 microns) and the infrared (above 0.8 micron).
Dzmage ip the infrared regior rapidly azmd compietely bleaches upon expo-
sure to zir while damege in the visible shows very little recovery. The
infrcred dz=roge specirz cap be regemesrsied Ty vacumer and may dDe observed
for several cycles of a2ir and vacies: exposure. it is relzted to the loss
and gain of physically zdsorbed oxygen.:”

T

Paotodesorption of oxygen bes been related to photcconductivity
in zinc oxide. Increzses in syster tressure and comductivity occurred
simaltaneou with tTumgster irradistion. IDesorted oxygen was presumed
responsible for pressure imcrezses.>* Oxygen was saown to be photo-
desorbed from irradiated zime oxide, but manometric measurements nre- -
vented gzs species identificetion. The z2hsorsed oxygen species were
vostulated to be 05, 07, and 0°” with the relative quantities dependent
oz terperature.®s Bv electrical eomctnnt}' and pressure reasurements,
the predominant absorved srecies zi roor temperature was deduced to be
c-.*”

AR

—

sabueandumeas.

Zinc oxide bas a2 negative surface charge produced by the chemi-
sorption of =olecular oxygen on the surface 2s icted in equation (4),¥

% O (g)+ € -0 . (%)

-

Oxygen adsorption conceuntrates excess electrons at the surface and pro-
duces an electron deficient region exterding approniretely 100 to 1000 &
f:3= the surfece.*® Furtker evidence for surface degradation was the
lack of detectible darage in single crystal zinc oxide.®

Radia®ion intuced holes, attracted to the surface by the nega-
tive charge, coabire with chemisorbed oxygea to form physically adsorbed
oxygen. Samll atiractive forces (0.05 eV) permit thermsl oxygen desorp-
tion, Under vacuum, desorption is irreversible and excess zinc is de-
posited at the surface to reverse the ckarge., Holes must cvercame a
retarding potential before the defect concentration reaches equilibrium,
. Thus, induced absorptance reaches a constant value for a specsific set of
conditions. Degrad:tion rate may seem to be initially limited by oxygen
desorption and later by hole arrival at the surface.!®

o]
2
3
2
».

o Aokl

A4 v W L e

Blzkemore assumed that interstitial zine was responsible for
increased solar absorptance.‘© Sklensxy, et al. proposed induced infra-
red absorption ty either free carrier electrons or uxygen vacancies (F-
centers). Free carrier absorption was elimirated because free electrons
vere not detected by electron spin resonance and absorption did not
increase as the third power of wavelength. Vigible absorption was
attributed to either lattice distortion stemming from excess zinc or
hole traps. Tack of visitle spectrum recovery was in agreement with
diffusion of zinc to produce lattice strain.<!
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Morrison znd Freund mroposed thet excess zinc precipitzied 2t
dislocations. The resulting lattice straim would czuse the zbscrvpiion
edge &p develop = t2i) exterding imto the visidble znd infrared or 2bsorp-
tion by 2 complex zime-dislocztion color cemter would occur. They sup-
ported the dislocatiorn theory by irducing surface &islocztions im sinsie
cryst2l zine oxide to produce 2 band edge shift irdistinguishsbie from
the photodegradztion skhift.%

b. Rutile

Rutile degradation is similar to zine oxide withk a2bzorptiorn
froe the absorption edge into the infrared znd z merimum from zpprozi-
metely 0.8 £o 2.0 micron. Recovery of rutile is incomplete with greater
pezmmtdmgermininginﬂrevisibleﬂnninﬁaeinframd.zs o
mezasurable a2bsorptior increase for single crystal rutile Is in accoxd
with 2 calculated electron derietior depth of 2000 1.74

Oxygen adsorption-desorption degradation cortrol hss been sug-
gested for rutile. Correlation has been estzablished between increzsed
solar absorptance and Imereages in carbon dioxide pressure evolyed from
rutile eon‘:a.ininginezcessoflOOp;mmbon.zs A increzse in coxygen
pressure was observed during the peak degradation rate of rutile, but
the quantity of oxygen was too sma2ll to cleerly distinguish delueen
adsorbed and desorbed oxygen.

A large murber of defects have been suggested; azzopg the= zre
F-centers. interstitial titanium, and Ti*3.%" Greemberg, et 21. sug-
gested that the brozdness of the zbsorption bard resulted from seve-zl
contined defects such as (e/0y%,=i*3)°, (0,72/7i*3), or
(Ti*?J0y-2/1i+3)%.28 Coufova and n-end studied the optical zbsorption
spectrum by ammealing rutile in hydrogen ard attributed zbsorption
peaks a2t 0.5 and 0.60 micron to electrons at oxygen vacancies.®
VYon Hipple, et al. observed absorption at 1.5 microns in oxygen-
deficient rutile and concluded it was caused by lattice collapse from
oxygen loss, allowing Ti** to trap electrons and form Ti*® near oxygen
vacancies.3C Yahia measured electrical conductivity of rutile 2s a
function of oxygen pressure at 1000°K.3® For pure rutile, an oxygen
vacancy nechanism was predominant above 10 mmHg and titanium intersti-
tials dominated below 10 mmHig. For Al-doped rutile, both mechanisms
were present but could not be separated.

c. Zinc Orthotitanate

Zinc orthotitanate exhibits uwltraviolet-induced absorption
simiier to rutile except the peak degradation occurs at 0.85 micron.
Through electron paramaguetic resonance studies, Ashford and Zeriaut
conciudel that Tit" was created by photodesorption of oxygen and is
responsit-le for induced absorption in zinc orthotitanate.’
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d. Polymethylsiloxanes

Silicones have received widespread use as 2 biader in themal
control coatings. Polydimethylsilcxane, [(CE;)>Si0),, and polymono-
methylsiloxane, [CE;Si0, .g]p»> have absorpticn edgeec neer 0.2 micron ani
are transparent in the remainder of the ultraviolet amd the visible
spectrur. Both silicones extibit absorption ircreases in the ultra-

b vioiet ard chortwave portion of the visible spectrum after exposure to
solar erviroment. Polymonometiylsiloxane is tkermally cured and is
more stable. The greeter degradztion of the dimethylsilozane results
i3 from damage to the catalyst used ir curing.3* Heceat evidence indicates
2 tiat the imstability of the dimethyl form is not ceuced by curing agents
but by silicone decompositior cr trace contamiration.3>

:
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In paints, silicore degradation is minor carpared to pigment —
degradation. Pigmentation with uvltraviolet zbsorbant materials provides

= additional protection for the binder by screening. Thus, the major

effort in improving the solar stebility of thermal ccntrol coatings has
> bm dh wm m‘ d m‘ tﬁ.

= Comperison of vinderless pigments witk peints indiczle

2 izproved degradation resistance from the silicone binders. 2 rutile

@ polydixethylsiloxane paint showed (1) infrared zbsorptance increases
to be lower and slower for the paint then the pigment, (2) peint degre-
dation to ircreese with temperature, 2nd (3) increasing the ultraviolet

k- intersity ircreased pigment degradation while peint degradation remained
insersitive.®® These results suggested that oxygen transport through .
‘B the binder may 1limit degradation. In a similar investigetion of rutile- 4

silicone paints zrd binderlers pigments, recovery ~ates suggested
diffusion~-liEited kimetics for the paints. Also the binder appeered to
have a2 passivatirg effect on the pigment.®

4. Pigrent Surface Stabilization

E Single crystals exhibit no increase in solar absorptence, while
3 corresponding pigmects with surface areas four orders of megnitude
5 greater degrade severely. Similarly, larger particles exhibit less
4 degradation for the same volume concentration then smaller ones.38

Increased degradation rates may be attribut=d to Increesed lattice
strains and increased surface defect states produced in grinding.Z®
The radiation induced defects may be confined to the electron depleted
& region near the surface of each particie. Pigments with a radivs
egmaller than the depletion depth degrede in bulk, while the solar

x absorptance of larger perticies remsin unchanged at a core.

X The importance of improving pigment surface stability led to vari-
ous passivation processes. The most widely referenced passivation was
zinc oxide with potassium silicate in aqueous solution.4C Silicate-
coated zinc oxide became one of the most ultraviolet stable thermal
control coatinge produced to date.*! Zerlaut, et al. reported that
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the silicate replaced surfzice oxygen and prevented oxy. en photodesorp-
tion.*2 This mechanisr suggested chemical passivation but Sklemsky,
et 21. concluded that silicate coating may physically inhibit oxygen
transport.4® A similar silicate coating is commonly used on terrestrial
rutiie pigment to improve the resistence to ultraviolet discoloration
and fading.** The coating is precipitated from agueous sodiwm silicate
and calcined at X00°-600°C.%> Ammnmte]ylﬁofzmondemalso
vrecipitated from 2 zinc sulfate snlution during the cozting mrocess.*®

Titania-opacified porcelain emzmeis have extreme stzbility in an
ultraviolet enviroment, and ever higk Adegradable amtimony oxide
expibits surprising stability in 2n emace . The stabilization of ==
enanel mixy imvolve either chemical passivation zmdfor vhysical imnibi-
tior of oxygen photodesorption. Iow cxygen diffusior in glasses promote
physical passivetion evem ix the zbsence of chemiczl stzbilization.

5. Mzss Tramsport i:: folymers

For steadv state flow of 2 ges fkrougr 2 membrare of thickness., 2.
the vermeability coefficient, P, is defined as

J=P (Pl-?z)/i (5)

where ¢ is the fhox per unit merbrane zrez perpendiculzr to the directior
of flow, p, is the gas pressure on tn2 high prressure side of the zembrane
and p, is the pressure on the low pressure side.*® For experimental
smnl:.cz.tyn -Oandp <<'o,sothatn-n =p,. If Hemry's law is

valid over tbe pressure region, the so.ublih eoefﬁcnant, S, is

C = Sp (6)

where C iz concentration.“® ¥For corditions of eguilibrium at the ges

polymer interface, the steady state diffusion ccefficient, D, is given
by Fick's first law.

= DC/t (7)

and by combining equations (5) - (7), ine relation between P, D, and S
is

P = DS. (8)

For diffusion in a pure polymer the diffusion coefficient is equal
to the interdiffusion coefficient, D;,, for the gas-polymer mixture.
If Henry's law is valid for the gas-polymer solution, there is no chemi-
cal activity correction, and if the gas solubility is dilute with
respect to the diffusion gases, then

O
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L D=D =D =n* (9)

3

ES shere D, and D, * are the intrinsic and sclf-diffusion coefficients of

fi the gas ir the gas-polymer mixture.5® When the high pressure is mein-

3 tained constant, the ges concentration in the mesbrane is initially

£ zero and the gas permeates into an evacmted constant volume, the low

pressure will increase with a contirzally increasing rate until a steedy

q state pressure rzite is reached, Fig. 2. Exirapolation of the steady -
s state pressure-time curve to the Llime axis establishes the lag time, L,

g vhich is used to calculate the diffusicn coefficient from,5

3 —
3 D = ¢2/6L. (10)

b

-: The steady state pressure rate, dP/dt, is used in determining the permr- _
=4 ability constant, P. Determimations of the diffusion coefficient from

E have been used extensively to determine gas pemmesbility, diffusion,

and solubility in polymers . -

Permecbility, diffusion and solubility are exponentially related
to temperature according to the Arrhenius relationships,

prrpd

T )

gj‘

i P = R, exp-(E,/RT), (13)

% D = D, exp-(Ep/RT), (12) »
! and S = So exp-(nHg/RE), (13)

“here Py, D,, and S, are pre-exponential factors, E, and Ep are activa-
tion energies for permeability and diffusion, respectively, and AHg is
the heat of solution.5? Substitution of equations (11) to (13) into
equation (8) gives the relation between Ep, Ep, and Afig,

Ep = Ep + Afg. (14)

Equations (1%) to (13) have been shown to be valid for simple gases in
many polymers over limited Lemperature ranges.53>54

. .
ty: ye S e Ut RTDIOR R

Activaticn energies for diffusion are dependent on the degree of
crosslinking in polymers. As crosslinking increases in natural rubber
by additions of suliur, diffusion activation emergies increase. The
changes may be attributed to a reduction in the mobility of the polymer
2 chains as crosslinking increased.S®

B 1
LA v AR

; Heats of solution for gases in polymers include the heat of mixing
: and heat of condensation. Both are small with the heat of mixing

2 usually positive and the heat of condcasation always negative. Thus,

4 heats of solution may be positive or negative and are usually small.s®

4 10




s

v

]
T‘:,
2
e
i<

gy ot

s

st Do

L T

PR

ey

Pressure (cm Hg x 103)

Figure 2.

400

Typical Pressure-Time Curve for Measurement of
Gas Permeability and Diffusion
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Polydinethylsiloxane

Folydimethylsiloxane (PIMS) corsists of limear molecules based
on the (CH,}-Si0 umit shown below.s”

Gis CEiy CE

i I
—8i~0-5i—0-8i—0—
I I I

This elastomer remeins aporphous to approximately ~50°C where crystal-
lization begins and continuez to beloy -60°C.5F A low emergy barrier
allows free rotatior of CH, groups about siloxane bonis™ and results

in high gas mobilities in the elzstomer.®®>°! Sclubilities of geses in
PIMS are similar to those in matural rubber alithougk diffusion and perme-
ability coefficients are at least an order of magnitude greater.5?

Barrer and Chio measured oxyge: permezbility, diffusion, and
solubility constants in polydimethylsiloxane filled with silica over
the temperature range -0 to 0°C, Table I. The low activation energies
for diffusion are associated wizh free rotation of methyl groups.

Table I - Oxygen Transport Constants for
Polydimethylsiloxane/Silica®3

T Volume Per Cent Silica
(°c) 5.54 18.2
P x 108
(cc(STP) /sec/
cn?/em/cm Hg) 0 4.89 3.85
D x iP
(cm?/sec) 0 12.0 10.6
S
(ce(STP) /cc/atm) 0 0.311 0.277
%
(cal/mole) <40 to 0 2070* 18702
Ep
(cal/mole; -40 to 0 2160 3060
Alg
(cal/mole) -40 to O -90% -1190?
acalculated T

Mivan e o
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Comperison of Ep and Dy to those for self-diffusion in liquids indicated
that polydimethylsiloxane is more comparable to liquids than other
elastomers. Higher activetion energy for diffusion at the higher filler
concentration was attributed to the filler particles acting as crosslink-
ing agerts and producing a tighter chain network.3

b. Effect of Pigmentation

Solubility--Where the binder and the pigment in thermal con-
trol coatings can be considered reparate, noninteracting phases, the gas
solubility coefficient of the paint in the absence of pores can be
expressed as

S = VpSp + VpSp (15)

where Vy 1d VP are the volume fractions of binder and pigment, respec-
tively, 3g iz the solubility coefficient of binder, and Sp is the sur-

face adsorption coefficient of the pigment. Should porosity be present
in the pignented volymer, the quantity of gas occupying the pore wouid
be added to equation (15), giving,

5 = VpSp + VpSp + VySy (16)

where Vy is the volume fraction of pores or voids and Sy is the solu-
bility coefficient. If there are no voids and the polymer wets the
pigment to the cxclusion of gas adsorption, the solubility of the com~
posite will be represented by equation (15) with S, equal to zero,0*

If the pigment is not completely wet by the polymer, an extensive inter-
face is created for gas adsorption. For natural rubber filled with
carbon black, the hydrogen, nitrogen, and oxygen solubilities in the
composite were greater than predicted for rubber alone.®S

Barrer, et al. investigated solubility of propane at LO°C in
natural rubber filled with O to 40 volume per cent zinc oxide. At low
filler concentrations, propane solution occurred in the rubber only; as
pigment concentration increased, filler adsorption and solubility was
well represented by equation (15). The pornsity at higher pigment con-
centrations was associated with aggregates which prevented wetting by
the polymer.66

Solubility of C4 and Cg paraffins in silicone rubber filled
with O to 19 volume per cent silica was predicted by equation (15) with
silica adsorption equal to zero. An investigation of temperature effects
showed no variation in heats of solution with filler concentration.t”

Diffusion--Diffusion in a heterogeneous medium is a complex
situation for which diffusion equations have not been derived., Insteud,
existing equations heve been modified to take into account, among other
things, increased path length due to the presence of the filler. Barrer,
et al. reported for trancient state flow,

13
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which can be compared to Fick's Second Iaw where D is not a function of

position, 3
3¢ _ %
ot D Ox® (18)

where C and Cy are concentration in the pigmented polymer and polymer,

respectively; t is time; K is a structure factor; D and Dy are the dif-

fusion coefficients in the pigmented polymer and polymer, respectively.
The concentration of gas in the pigmented polymer excluding the pore
phase is

C = VgCp + VpCp (19)
and if Henry's law holds for the pignent and the polymer,

Rearrangement of equation (19) and substitution of equation (20) gives,

Cp = VB + Vp((:Sp/SB) ) (21)
Therefore,
d2Cp ; 1 ¢ (22)
3x® Vg + Vp(sp/sp) dx°
and
D = KDp h: (23)
Vg + Vp(Sp/Sp)
If no adsorption occurs on the pigment,
D =K Dp (24)

Equations (17) through (24) are based on the assumptions that diffusion
proceeds only in the polymer phase and diffusion in the polymer is
unchanged by the filler.®®

Rayleigh®® in 1892, derived a structure factor predicting the
influence of a cubic lattice of s;?heres on the properties of a medium.
His factor has been successful’©>’! in explaining diffusion in hetero-
geneous media and can be expressed as

A 3Vp
£ = Vg <l 2 + Vp - 0,392 vplo/s) ’ (25)

1k
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Equation (25) makes no assumption on the size of particles present but
only upon the vohume fraction.

Permeability--Changes in permeability constants caused by pig-
mentation have been expressed using the structure factor of equation
(25).72 since D = P/S, substitution into equation (23) gives,

Vv
'g =K % Vg + vp](ssp/sB) (26)
and on rearrangement,
P =K VpPy m (27)
Substitution of equation (15) into (27) gives,
P =K VgPg » (28)

where Pp is the permeability constant for the polymer. Equation (28) is
valid whether or not adsorption occurs on the piguent.

6. Surface Energies, Contact Angle, and Adhesion

Equilibrium between the three surface energies in a system composed
of a drop on a plane-solid surface is given by Young's equation.,

7SV = 7sp * 7Ly €05 @ (29)

where yqy, ygp, and ypy are the surface free energies of the solid-vapor,

solid-liquid, and liquid-vapor interfaces, respectively, and 6 is the
solid-liquid-vapor contact angle measured through the liquid phase,

Fag. 3. Of the four parameters only y;y and 6 are experimentally deter-
minable, The surface free energy of the liquid-vapor interface is the
surface tension of the liquid in equilibrium with its vapor and the con-
tact angle can be measured by a variety of techniques o

The wettability of a solid by a liquid is indicated by contact
angle. If a solid is not completely wet, the liquid contact angle is

greater than zero and if complete wetting or spreading occurs, the con-
tact angle is equal io zero. Conditions for spreading are given by

S = Tay * (7SL + 7sv) (30)

15
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where § is the spreading coefficient. For spreading to occur, S must
be greater than zero. This simply means that the combined free energies
of the solid-liquid and liquid-vapor interfaces must be less than the
solid-vapor free energy. Under this condition the systems total free
energy is reduced by eliminating as much of the solid-vapor interface
as possible.”*

The reversible work of separating a liquid from a solid is equal
to the free energy change of the system,

Wp = 7sv + 7V = 7sL (31)

where Wy is the work of adhesion. On substitution for ygy from Young's
equation, the work of adhesion is

Wy = ypy (1 + cos 0). (32)

16
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Zisman presents a compilation of work of adhesion values and shows thzt
the vork of adhesion is a parabolic finction of surface temsion.?S

Contact angles of liquids advancing over previously nonsetted sur-
faces may be very different from the receding-angle. This has been
attributed to the surface roughness of the solid. If gas is not trapped
at the solid-liquid interface, contact angles less than 90° decrease

with increasing surface roughness’and angles greater than 90° increase.’®

Strain ir glass has been observed to have a sizeable effect on weter
contact angles. The contact angle of water on 2 clean glass is normally
zero, but Bartell, et al. found vater contact angles as high as 80° on
glass that had been rapidly cooled. Examination of the glass-with polar- -
ized light revealed intense strain. After strain removal by ammealing,
the contact angle returned fo zero. Induced mechanical compression also
caused an increase in contact angle.”” The effect of gravity on con-
tact angle is considered negligible and is generally ignored; however,
differences in contact angles as much as ]2° have been caused by gravity
for a lucite-water-air system.”® )

Surfaces containing exposed methyl groups are hydrophobic and
exhibit large contact angles with water. Highly condensed packing of
methyl groups in crystallized paraffins have water contact angles as
large as 111°, while the less densely packed methyl groups of amorphous
raraffins have contact angles of 101°. An angle of 101° was found for
Polydimethylsiloxane which indicated that the methyl groups at the sur--
face efficiently shielded the subsurface Si-O linkages.”® ,

From studies of adhesives, it is generally fdund that polar surfaces
will bond to polar surfaces and nonpolar to nompolar. Glass with a rega-
tive surface charge has a polar surface and, consequently, it is wet by
water. When bonding glass to glass, polymeric materials with polar func-
tional groups such as -OH, -COQGil, -C = O, and -COOCH; produce good adher-
ence. For bonding polar surfaces to nonpolar surfaces, an intermediate
coupling agent containing both polar and nompolar functional groups is
used. The polar groups of the coupling agent are oriented to the polar
surface and nonpolar to the nonpolar.&C , |

Moser has shown that adhesion between two materials can be predicted
by determining the polarity of the surfaces using a water contact angle
as an indicator. Surfaces wet by water were considered polar. As con-
tact angles increased, the surfaces were considered more nonpolar and
polarity ranges were arbitrarily defined as: O to 20°, polar; 21 to 45°,
slightly nonpolar; 46 to 65°, moderately nonpolar; and 66 to 99° nonpolar.
In general, similar polarity was necessary for good bonding. Where good
bonding was obtained between surfaces of opposite polarity, a reorienta-
tion of the functional groups was evidenced by changes in water contact
angles. 81-83

17
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TIX. EXPERIMENTAL PROCED{FE

1. Materiais
a. Putile Pigment

The pigment for confact angle studies a2nd solar sta2bility
measurements was Ti-Pure R-992 Rutile, Iot 9980, from B. I. 4uPont
deliemours and Company. This pigment was made by the chloride process
and encapsulated with a2 silicate-zinc oxide coating from 2 sodium
silicate-zinc sulfate aqueous solution before thermsl treatment at
LO0-600°C. Typical chemical analysis of the finel product is giver in
Table I1.8% The AL,0; origimated by oxidation of TiCl, and A1Cl., was
present in ‘he pigment, not in the pigment coating.

Table IT. Rutile Pigment Composition

Oxide Weight Per Cent
Ti0, 39.5
A1,04 1.01

Si0, 5.8

Zn0 1.2

b. Zinc Oxide Pigment

New Jersey SP-500 zinc oxide was choszn for degradation rate
studies.

c. Polydimethylsiloxane (PDMS)

The polydimethylsiloxane was RIV-602 from ¢eneral Electric
Company ana was received with a typical viscosity of ten poises. After
crosslinking with 1,1,3,3,tetramethylquanidere, a transparent elastomer

was formed.
d. Polymonomethylsiloxane (BMMS)
An organopolysiloxane resin, 0I-650 from Owens-I1linois, Inc.,
was dissolved in ethanol for paint preparation. Crosslinking by thermal

treatment produced a brittle transparent solid. Ethanol and water were
volatilized during curing, leaving polymonomethylsiloxane.85

Preceding page biank
19



ﬁ’i}’ﬁﬁ"‘fﬁk%‘l

R QI PRV IR WOV ERTR

,
Lﬂmu

2. Oxyeen Transpert
8., Mearurement

Permesbility constamis xvo !lotermined Ly the stexdy state
method and diffusion ccefficiemts iy time law, Solubility comstanmts
were czlculated, (S = P/Dj, where 5, ¢, 2né U are sojubility, germeabil-
ity and diffusion cozstants, respectiveiy. EAppzrztus 2nd procedure heve
been described earlier.™®

b. Sample Preperaticn

Polymonomethylsilozzne {PMMS) was dissolved in absolute
ethanol at L) per cent solids content. Citric acid wes added at 2
concentration of one weight per cent of PMMS to reduce brittlepess
in the cured iolzmer.®’ PWMS/-uiiie compositions, Table TIT, were
forsulated using a polymer depsity of 1.265 and a2 pigeent depnsity of
L,066. Etnanol required to dissolve PMMS and thin the pzints was
added and paint velumes of i15C cc were dispersed by milling for 2% hours.

Samples were cast in 100-=m diometer glass ripgs on flat and
level J.013-cm Teflor sheets amd covered with filter paper, Self-
supporting membranes wiith glass rings a2tiached were removed from the
Teflon and cured vertically at 100°C for 48 hours. The glass rings
supported the membranes during curing. Merbrane thicknesses of
approximately 0.02 cm had variations of sixz to seven per cent.

Table III. Compositions of Polymoromethylsiioxane
Pigmented with Rutile

e -
Weight Per Cent Volume Per Cent?
Composition Rutile PMMS Rutile PMMS Ethanol®
1 85.3 4.7 94.8 5.2 200
12 73.3 26.7 89.6 10.4 200
13 55.0 45.0 79.3 20.7 200
1L 41.6 58.4 69.0 31.0 200

8y0lume per cents were calculated from measured densities of 1.298 and
4.066 for polymonometbylsiloxane and rutile, respectively.

bEthanol volume percentages are based on rutile plus BMMS volumes of
100 per cent.

20
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3. Contact Angle
8. Moagurement

The wetting characteristics wvere determined by contact angle
measurenents of water drops. A cell vith glass vindows mounted to 2
horizoetally positioned metalhmrgical wicroscope permitted wertical a=d
horizontal positiorning. Drops were illumirsted with collimated light
apd recorded with 2 35 me camera.

Gravity effectis were elimimateC by measuring cortact angles
of a drop on the substrate (normal) and suspended from the substrate
(imwerted), Pig. k. The substrate wvas mounted off-center and rotated
on séaled ball bearings. The suistrate position was fixed by = weight
that could be adjusted to produce an exact 180° rotation.

The stage was jarallel witk the rotation axis. A bubble level
mounted to the stage permitted leveling in the inverted pesition.
Paralle] surfaced substrates were positioned with spring loaded clips
and could be rapidly rctated from the normal to the imwerted position
wvhile maintaining a level sample surface.

A glass pipette contzining distilled demineralized water was
inserted through a compression O-ring seal in the top of the ceil and
Jowered near the substrate surface. A container of water was placed in
the cell and 30 minutes was allowed fcr atmosphere saturation. A drop
was placed on the substrate and the pipette was retracted to prevent
interference with sample inversion. TDrops were allowed five minutes to
equilibrate, photographed, then inverted rephotographed after five
ninutes, returned to normal, and pho ographed again after five minutes.
Three drops on each of two camples of each material were measured.
Drop reflection on the substrate surfaces gave a sharp delineation of
the liquid-solid interface except for contact angles near 90°. Contact
angles were measured with a goniometer on the erlarged projection of
photograph negatives.

b. Sample Preparation

Water contact angles were measured on polycrystalline rutile,
free-formed surfaces of PIMS and PMMS, rutile surfaces that were seya-
rated from cast PDMS and PMMS, and PDMS and PMMS surfaces separated
from rutile. Free-formed surfaces were the air exposed surfaces of
polymers cast on the low energy surface of Teflon and cured, as described
for oxygen transport samples.

Silicate-coated, chloride-processed rutile pressed at 5000
psi as 2.8-cm Jiscs was fired at 1115°C for 168 hours. Density of
95 + 0.1 per cent theoretical was obtained for six samples. Disc sur-
faces were diamond ground parallel to a thickness of 0.4 cm and one sur-
face was polished to a lum diamond finish. Samples were cleaned by

21
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boiling in 2:1 mitric-sulforic acid, rimsing with lsrpe guotitier of
distilled water znd dryimg at 1207 for five mirmtes. The complete
sorezding of wzter om 2 glzss wrfece clezred by this cgrocedure wae
a2chiered

]

PINS and PGS solaticos prepared for mpes trameport were
czst on clezmes rutile substrates zrd cured. Ahsence of zimesign
zllowed ezsy separztion for mezsurement of the rutilefsilicoms inter-
fzces, 411 samles imvolving silicomes were evscuater zt 107 torr
for 2% hours to promote solvent remowal,

k. I» Situ Refiectance
2. Mez2surements

The effect of wacumm ultraviolet irrzdiztion om the solzr re-
flectznce of pclymethylsiloxane/zinc oxide paints was measured 2t the
Flestomers znd Coztimgs Branch, Wright-Patterson Ailr Force Ezse,
Saxples were irrazdizted with a2 2.5 k¥ xeron scurce (Spectrolzd Yoiel
X-25) at zn nltraziolet intensity of tuc-tkirds of one sum iz z vecuun
of 5 x 107 torr. Origiral ultraviolet intensity was estimated to be
3.0 # 0 - 0.3 surs but on actuzl mezsurement was found to have the
lower value because of severe degradztion of the opticzl surfaces in
the sowrce unit. Reflectance was measured in sita with 2 Beclmer DX-22
refl>ctometer using 2 four-inch integrating sphere ip the wvzacuurm chamber,
Reflectance from 0.35 to 2.5 microns was measured in a2ir tefore me-
down, The szmples were hkeld in vacuum for cre week ami pre-irrgiiztion

vacuun reflectance was mezsured. In situ reflectance was measured
periodically during irradiation and a2 recovery scan was mzde zfter two

dzys in 2ir. Solar reflectance, solar zbsorptarce, zad induced solar
sbsorptance were calculated. Sample terperature varied from 60 to 80°C
during irradiation.

b. Rutile Pigment and Faints Preparation

A rutile standard was prepared by spraying z wzater slurry of
chloride-processed, silicate-cozted rutile onto 2 heated alumimum sub-
strate of 2.4 cm diameter and 0.88 cm thickness. Multiple layers pro-
duced a coating 0.0075 cm (3 mils) thick, Aluminum substrates were
cleaned by abrading with 240-grit silicon carbide, rinsing in toluene
and acetone, and drying., Rutile/silicone paint compcsitions 1-k,

Table IV, and compositions 11-1l, Table III, were cast to 0.003 cm

(12 mils) and cured cn the aluminum substrates., Paint preparation and
and curing were the same as descrited for oxygen transport samples.”»”
Citric acid vas omitted from the PMMS paints,
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Table IV. Compositiomg of Folydimetiylsilorzme
Pigmerted with Putile

Weight Fer Cent Tolune Pexr Cemt®

Comgosition Pytile a0 ) Butile PSS Toloene®

2 B.2 &a.28 5.% G 6k g

2 n.T 55.03 10.3% 89.6% &

3 52.22 k7.78 22.17 78.83 50

& o561 35.59 0.78 69.22 5
27olmme ver certs were czlculated fror mezsured demsities of 0.599 ard

%.066 for polydimethylsiloxane and rutile, respectively.

bfn]memlmepercentagesarebaseﬁmtilep]mﬁlﬁwo]moflm
per cent.

c. Zinc Oxide Pigment and Pzints Preperstiorn

Bew Jjersey SP-500 zinc oxide was chosen for degradation rate
studies. 2 zinc oxide standard wes prepered by spraying z water slurry
on 2 precleaned alurinum substrate. Folydirethylsilox2ane and polymono-
methylsiloxane were pigmented with 20 volime per cent zinc oxide and
cast on alurimm substrates. Paiut preperatior and curing were the same
as described for oxygen transport samples.

5. Zinc Orthotitanate Pipgwment
a. Pigment Forrmlation

Zinc orthotitanate pigrments were prepared by ball milling and
heat treatment to obtiain powders with a variety of particle sizes and
thermal histories. A flow chart of the pigment processing is presented
in Fig. 5.

In a five-gallon polyethylene jar, 3600 gm of a 2:1 molar
ratio of reagent grade Zn0 and ™iO, (anatase) were ball-milled with
9000 cc of demineralized, double-distilled water for U6 hours. The
slurry was dried, crushed to 60 mesh, and reacted for 2 hours at 925°C
in an alumina crucible. The resulting materiai, Sample A-1, contained
zinc orthotitanate and zinc oxide, as identified by x-ray diffracto-
meter, and had a particle size of 0.91 micron.

The reacted Zn,TiO, was slurried with 4500 cc of 10% acetic

acid for 24 hours using a2 polyethylene stirrer. After settling, LOOO cc
of the sample was decanted, and the insoluble material was mixed with
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K000 ce of distilled water. The decspiing process wes repezted eight
times and the finel batrh, Sample A-2, weas dried zt 120°C. Weight loss
on leaching was 1X7 gr (4.0f) and the only x-ray diffractometer detecta-
ble pesk other than Z:,Ti0, bad 2n intemsity less them ¥4. The particle
size of Sample A-2 wa;s reduced to 0.80 gr by the leaching process.

b. Particle Size Reductiorn

Sample A-2 was split into five batches, one 800-gr betch and
four 650-ge batches. The 800-gn batch (Sazrple A-3) wes shorried with
1350 cc of distilled water and milled with alwring balls in a one-gzllon
polyethylene jar for 100 bours. Xine 20 cc samples were periodically
wvithdrawm during milling (Samples A-3-1 to A-3-9). Suxface area and
equivalent spherical perticle size for each sample represent the extent
of particle size reduction, Table V. %he particle size dependence on
ball-milling time, Fig. 6, provided the control necessary to achieve a
specific particle size. X-ray investigation showed a detectzble quan-
tity of 2lmmina after 52.3 hours with the aliwiia context increasing
wvith time. Yo minimize contaxiration from mill balls, samples for ultra-
violet degradation were limited to 2 maximum milling time of 36 hours.

Table V. Surface Areas and Particle Size of Zn,TiO. Pigments

A-1 Surface Area®  Particle Size? Correrst
(!32/@) uR
A-1 1.26 0.91 Reacted at 950°C
A-2 1.1 0.80 Acid LeachedP
A-3-1 1.47 0.77 0.5 hr mi11 ¢
A-3-2 1.54 0.73 1.5 hr mi11€
A-3-3 1.73 0.66 5.0 hr mi11€
A-3-hL .88 0.60 10.0 br miN1 €
a-3-5 2.09 0.54 27.7 hr millc
A-3-6 2.62 0.43 52.3 hr millc¢
A-3-7 3.24 0.35 73.8 hr mi11 ¢
A-3-8 3.45 0.33 97.3 hr mill®
A-3-9 3.70 0.31 100.0 hr mi1lc

8 Measurement of surface area and calculation of particle
size has been described previously.®
b Reacted at 950°C prior to acid leach.

€ Reacted at 950°C and acid leached prior to bell milling.
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Three of the four 650-gram batches, Samples A-I to A-6, were
slurried with 1050 cc of distilled water and ball-milled for 36.8 and
2 hours, respectively. Resultant equivalent particle sizes were 0.4k,
0.58, and 0.61 pm for Samples 4, 5, and 6, respectively. The fourth
batch, Sample A-7, was not ball-milled and had the same particle size
as Sample A-2, 0.80 ym. All samples were dried at 110°C and crushed
to 60 mesh.

c. Heat Treatment

Samples A-l to A-7 were split into five 125-gram batches for
heat treatment. Fcur batches from each sample were quench heated to
850, 950, 1050, and 1150°C, held for one hour, and quench cooled in
500 cc of distilled water. The fifth batch was quench heated to 850°C,
held for one hour, and annealed to room temperature over three days,
Fig. 7. All batches were fired as uncompacted powders in platinum cruci-
bles. Temperature was controlled to + 5°C in a silicon carbide resis-
tance furnace. Each heat-treated batch was dried and ball-milled with
200 cc of distilled water for two hours. Twenty cc of each slurry were
dried for surface area determinations.

d. Irradiation Powder Samples

Water slurries of twenty heat-treated pigments were sprayed
onto heated aluminum substrates, 2.4-cm diameter by 0.08 cm thick.
Multiple layers were applied under a dry nitrcgen pressure of 16 psi.
Two coated substrates of each sample were delivered to Mr. C. P. Boebel,
Elastomers and Coatings Branch, Air Force Materials Laboratory, on

August 25, 1971.
e. In Situ Reflectance

Ultraviolet exposure testing of the 20 Zn,Ti0, samples was
accomplished in the equipment described in Section III.4.,a., In situ
pretest reflectance was measured in air and in a vacuum (4 x I0-% torr).
Reflectance was recorded at 18, 45, 110, and 230 equivalent ultraviolet
sun hours. A final reflectance scan was made after 48 hours air expo-
sure in the dark. Temperature of the specimen back was 49°C during
irradiation.

28

-

o



\
1
70

\
\
|

60

- 2
[ b
| T
™ g
O &
o o
< -8 e
= 0 m
a
o) +
w ot
+©
2
-1 9 v
T T &
P d
p— [&]
w5
s 0
ey [0)Y
Jdo *+ 8 Q&
03] “
N 2
m 8
_ 48 2
o
—
]
g
<X
—- QO

Figure 7.

§ 8 & § & & § 8§ 8 ©

: (Do) JUNLVHIIWIL

0




a—

—=

1

IV. RESULTS AND DISCUSSION

1. Oxygen Transport

oxygen tra.stort properties of po)ydimethylsi]oxa.ne/rutile compo-~
sitions were reportel in AFML-TR-71-42, Part 1.8 For comparison with
polymonomethylsiloxane properties, a portion of the polydimethylsiloxane
data has been reproduced.

a. Polymethylsiloxanes

Oxygen sorption isotherms at 25°C for PIMS and PMMS, Fig. 8,
show that Henry's law held for the pressure range investigated. Con-
stant oxygen diffusion coefficients of 18.9 + 0.3 x 107™° and 5.02 + 0.09
x 1077 cm®/sec at 25°C for PDMS and PMMS, respectively, for the pressure
range O to 60 cm Hg established that diffusion coefficients were inde-
pendent of concentration.

oOxygen transport properties in the polymethylsiloxanes are
shown in Table YI. Permeability and diffusion coefficients of PDMS were
an order of magnitude greater than values for PMMS and the solubility
of PIMS was approximately 30 per cent lower. The lower diffusion coef-
ficients in PMMS resulted from greater crosslinking and a lower methyl
group concentration.

The temperature dependence ot oxygeu transport constants in
the siloxanes conformed tc the Arrhenius relaionship within limits of
experimental precision, Figs. 9-11. Least-squares activation energy for
diffusion, Table VII, was 1300 ca.l/mole greater for the monomethyl-
siloxane and is attributed to the greater crosslinking in PMMS which
limits chain flexibility. Permeability values and temperature depend-
ence in both silicones were controlled by diffusion properties because
sclubility values and temperature dependence were similar.

b. Effect of Pigmentation

Temperature Dependence--After complete polymer curing, the
temperature dependence of oxygen transport in the pigmented polymono-
methylsiloxanes was exponentially related to temperature by the
Arrhenius relationship within limits of experimental precision, Figs.
12-14. The least-square temperature coefficients are presented in
Table VIII.

Solubility in PMMS Compositions--Where there are no voids
and the polymer wets the pigment to the exclusion of gas adsorption,
the solubility of the composite will be represented by

S = VBSB ( 33)
Preceding page blank
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Table VI. Oxygen Transport in Pola}methylsiloxanes ‘
P . 8
T (cc(sTP) /sec/ D . (cc(sTP)/
(°c) cn®/cm/em Hg) (em?/ sec) : cc/ate) .
pms?
0 5.28 x 10-8 12.8 x 106 0.313 .
25 7.5 19.1 : 0.294
32 8.06 21.1 0.289
42 9.0k 24,2 0.283
50 9.86 26.8 0.278
PMMS
; 0 1.68 x 10° 2.68 x 107 0.476
25 2.83 5.02 . 0.428
. 32 3.29 5.55 0.450 ;
= 50 4.72 T7.92. 0.453
:* 60 5.95 10.2 0.4h43 |
, L] aLea.s*l:-squares vaiues' for average of three samplesl.
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Table Vii.

Arrhenius Constamts for Coygen Trancport
in Polymethylsilozzme

Fo
(cc(s??)/sec/ Ep Std. Errorof B,
Sample e [en/en EHg) (cel/mole}  {czlfmole) ~
PIMS-2 2.25 z 107 2019 67
PIMS-2 2.64 2138 95
PIMS-3 5.%5 2407 107
PIMS-Ave. 2.98 2188
BMS 1.73 37T7s 1%
Do By Std. Errorof Ep
Sample (e?/sec) (cal/mole) (cal/cole)
PIMS-1 2.46 x 103 2837 10
PMS-2 1.07 2438 207
PIMS-3 1.39 2522 L6
PIMS-Ave. 1.5% 2602
PMMS 0.38 393% 150
So NHg Std. Error of Ag
Sample (ce(STP)ec/atm) (cal/mole) (cal/mole)
PIMS-1 0.068 -829 145
PIMS~2 0.186 -280 208
PIMS-3 0.247 134 100
PIMS-Ave. 0.247 L1k
PWS 0.346 -159 15
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Table VIII. Arrthenius Constants for Oxygen in Folymono-

B Po X ].(P
cc(S*tP) [eec/ Ep Std. Error of Ej
Sample  (c»’/cm/cm Hg)  (cal/mole) (cal/mole)
10 1.71 377k 136
1 1.06 362L 100
12 1.47 3874 108
13 1.96 4136 116
Do x 10* Ep Std. Error of Fy
Sample (cm?/sec) (cal/moie) (cal/mole)
10 3.77 3936 150
1n 2.24 3685 154
12 2.05 3594 202
13 3.57 kou3 124
SO
(ce(sTP)/ AHg Std. Error of AHg
Sample cc/atn) (cal/mole) (cal/mole)
10 0.346 -159 145
1n 0.359 -60 153
2 0.560 197 145
13 0.417 o 169
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vhere Vg is the volume fraction of the polymer and Sy is the sclubility
constant of the polymer.®® There was no indication of oxygen adsorption
on rutile in the PM™MS compositions. The concentration dependence of the
solubility constants was well represented by equation (33), dashed lines
in Fig. 15. Scatter in solubility values was greater than found in
PIMS ccapositions due to the variations in PMMS membranes. Comparison
of observed and calculated densitiez indicated negligible porosity.
Heats of solution were constant within limits of experimental precision
for all rutile concentrations, Table 8.

Adsorption on the rutile may occur in PMMS compositions since
it is common for PIMS compositions above 20 per cent. A PMMS composi-
tion with 30 per cent rutile was investigated but oxygen flow through
the membrane was too rapid for determimation of permeability and diffu-
sion. Thermal expansion mismatch between the brittle PMMS and ruvile
resulted in fine cracks after thermal curing. Critic acid additions
increased membrane flexibility but the samples remained very brittle and
required careful handling.

Permeability in PMMS C-mpcsitions--Permeability in a hetero-
geneous medium such as a pigmented polymer may be described by

P = K VgPgs (34)

where K is a structure factor and P is the permeability constant of the
polymer. Rayleigh's structure factor for a cubic lattice of spheres
was used to explain the pigment concentration dependence of permeability
constants. Values of K were reported in APML-TR-T1-42, Pt. 1.88

Permeability constants for PMMS compositions decreased with
increasing pigment concentration; however, permeability values were
lower than predicted by equation (3k4), Fig. 16. Considering the excel-
lent agreemnent for PIMS compositions formulated with the same pigment,
the discrepancy is mcst likely caused by thickness variation of the
PMWMS membranes. There is no reason to think that permeability constants
for pigment-free PMMS are more accurate than for pigmented compositions,
and it is probable that pigment-free constants were high.

Diffusion in PMMS Compositions--Diffusion coefficients de-
creased as pigmentation increased, Fig, 17. These data were compared
to valurs predicted by Rayleigh's structure factor for the case of a
nonadsorbing filler

D = K Dp (35)

where Dg is the diffusion coefficient of the polymer. Diffusion coef-
ficients were lower than predicted by equation (35). This may result
by either sorption on the pigment or thickness variation. Thickness
variations will cause the permeability and diffusion constants of a
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sample to deviate consistently from predicted values. Comparison of
Figs. 16 and 17 show this. Thus s there is no basis for concluding
oxygen sorption on the pigment in BMMS compositions.

2. Contact Angle

The reflections of normal and inverted water drops, Fig. 18, deline-
ated water-solud interfaces except at angles near 90°. Contact angle

differences due to gravity, Aeg, were 1 to 4°. For example, the height

to radius ratio, h/r, of a water drop on PDMS, Fig. 18, increased from
1.16 to 1.32 on the inversion but the contact angle decreased only 1°.
Calculations of contact angles on PDMS, using the eguation for spherical
geometry,®®

tan 6/2 = h/r, 36)

resulted in 98 and 106° for the normal and inverted positions s respec-
tively, an average of 102° which agrees with the 101° measured average
value. Gravity has a larger affect on drop shape than on contact angle;
however, in all cases, inversion decreased contact angles, Table IX.

Table IX. Water Contact Angles

Contact Angle

Sample Normal Inverted Average Abg
Rutile - 1 hot2 38+3 Lo 3
Rutile - 2 29+2 27+ h 28 2
PDMS 102+3 1012 101 1
BMMS P:t1 89:1 90 1
PIMS /Rutile 92+ 3 89t2 90 3
PMMS /Rutile 801 76+ 1 78 it
Rutile/PIMS-1 802 781+1 79 3
Rutile/PIMS-2 73%2 70+ 3 72 3
Rutile/PMMS 61+ 58 + L 60 3
L6
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Complete wetting had been expected on rutile but average contact
angles of 28 and 40° were observed. Scamning electron micrographs,
Fig. 19, showed submicron scratches and a maximum pore diameter of 20
microns with the majority telow 10 microns. Such microscopic roughness
was too small to produce the high contact angles.®® The surface con-
sisted of rutile and a glassy phase which cccupied 21 per cent of the
sur;gatfe, Fig. 19. The contact angle of a composite may be calculated
T

cos 0. = f, cos 0, + £, cos 6, (3D

vhere 9., 8,, and 6> are the corntact angles of the composite, phase 1

and phase 2, respectively, and f, and f, are surface fractions. Both
rutile :and glass should be completely wet by water and 6, should be
zero. Strain can increase water contact angles on glass to 80° and may
account for the high contact angles.®2

The average contact angle of 101° for PIMS agreed with Shafrin and
Zisman.®3 A lower methyl group surface concentration in PMMS resulted
in a lower contact angle of 90°. Curing polymethylsiloxanes on rutile
resulted in contact angles 11 and 12° lower than angles on free-formed
surfaces. Us:I.g Moser's hypothesis,®* both results predicted better
adhesion for IMMS than for PDMS. The ease of stripping the siloxanes
from rutile showed the adhesion to be small.

_ Rutile surfaces separated from cured siloxanes have high contact
angles. The increase may have resulted from incomplete solvent removal
and/or a residue of methyl groups.

3. Silicone/Rutile Optical Properties
a. Solar Peflectance

The reflectance spectra for the water sprayed rutile, PDMS/20
per cent rutile, and BMMS/20 per cent rutile are shown in Figs. 20
through 22. Reflectance of the paints was higher in the visible and
lower in the infrared than for rutile powder. Characteristic silicone
absorption lowered infrared reflectance, and specular reflection from
the smooth silicone surfaces increased visible reflectance. The lower
refractive index of PDMS caused a larger relative refractive index for
PIMS/rutile paints. The initial solar reflectance of PIMS paints
exceeded PMMS paints, Fig. 23. Sclar reflectance meximized between 10
and 20 per cent rutile. Increased scattering from low pigment concen-
trations were offset by loss of surface gloss at higher pigment concen-
trations.
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Figure 19.

() (d)

Polished Rutile: (a) and (b), Scauning Electron
Micrographs, 500X and 2000X, Respectively; (c)
and (d), Reflected Light Micrographs of Unetched
Surface, 500X and 2000X, Respectively
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b. Induced Solar Absorptance

The stability of the silicate-cozted rutile produced an
induced a2bsorptance of 0.009 in 230 ESH, Table X. Silicate coating
produced degradation resistamce similar to that of silicate-coated zime
oxide®> and zinc orthotitamzte™® and wz2s the first time the effect has
teen observed for rutile.

Tae recovery bleaching of rutile supported the oxygen depend-
ence of the irrzdiation damage. Differences betweern induced absorptarces
at 230 ESH and 2ir recovery values for the peints, Teble X, were z2bout
equal to that cf the binderless pigrent. Bleaching was attributable to
the pigrent and permanent damage represented polymer degradation. Sili-
cone permeability was too high to produce observeble differences in pig-

mert degradation.

Induced solar absorptance of tMMS peints was constant, Pig. 24,
and indicated equal degradation from PMMS and rutile. For PDMS paints,
induced solar absorptamces in the pigrent increased with concentration
increases to 20 per cent 2nd cortinued to decrease o 30 per cent.

The pigment degraded approxvsately the same in both PDMS and
BMMS. Thus, surface interaction between the pigment and the polymer did
not measurably affect degradation.

Water associated with the pigment was indicated by the charac-
teristic absorption band at 1.9u which increased in intensity with
increasing pigment concentration. For the PDMS series mno absorption
occurred for samples 1 (5% TiO,) and 2 (104 Ti0,), slight absorption for
sample 3 (20% TiC,) and strong absorption for sample 4 (30% TiO,). These
results support the oxygen solubility data which indicated oxygen sorp-
tion on the pigment starting at 20 volume per cent and increasing with
concentration.®” In contrast to cxygen solubility data which did not
show sorption on the pigment, BMS paints had strong water desorption
that increased with increasing pigment concentration. Citric acid, pre-
sent in BMMS oxygen transport samples but not in UV irradiated paints,
may have adsorbed on the pigment preventing oxygen sorption. Water
absorption disappeared in vacuum and partially reappeared when returned
to ambient conditions.

4. Silicone/Zinc Oxide Degradation

Infrared reflectance decreases of 4 to 10 per cent were observed
between initial in-air scans and pre-irradiation vacuum scans for all
sampies. Characteristic water absorption was absent and the reflectance
decreases demonstrate the extreme surface oxygen sensitivity >f infrared
spectrum of zinc oxide. Pre-irradiation vacuum solar absorpt:s 'ces and
ultraviolet induced solar absorptance are reported in Table X:
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Comparison of degradation rates, Fig. 25, indicate that oxygen
transport through the polymethylsiloxanes had little effect on pigment
stability. If oxygen transport in the binders had limited degradation,
the order of increasing stability would have been ZnO<:PMMS/ZnO. Solar
absorptance increases for PIMS paints were greater than for PMMS paints
as would be predicted by oxygen diffusion coefficients, but binderless
zine oxide stability was between that of PIMS and PMMS paints.

The smaller induced absorptances of PMMS paint compared to ZnO
pigment may seem to indicate encapsulation protection. This is not sub-
stantiated by the infrared reflectance changes, Fig. 26. Reflectance
changes at 2.05 ym were almost identical for ZnO pigment and PMMS
paints. The greater reflectance decreases of PDMS paints in the infra-
red and in the visible at longer exposure times, Fig. 27, reflect insta-
bility associated with the polymer and/or pigment/polymer interaction
in addition to pigment damage. All samples bleached to within 1% of
the initial in-air reflectance values.

5. Zine Orthotitanate

Surface areas and equivalent spherical particle sizes for the zinc
orthotitanate powders are presented in Tables XII and XITI. Particle
size of most samples increased with increasing temperature, Fig. 28.
The most surprising results were the smaller particle sizes of the
1150°C~-quench compared to 1050°C-quench for Samples A-5, A-6, and A-T7.

Exponential size increases with increasing temperature were not
expected in the loose powders. The final two~hour ball milling may
have been responsible for the anomolous particle size at 1150°C. Ball
milling was necessary to produce sprayable slurries of the lightly sin-
tered powders.

Solar absorptance data, Table XIV, for the heat treated powders did
not show sgignificant UV damage trends for either quenching temperature
or pigment surface area. Ercept for samples quenched from 1150°C and
A-5, 950°C-quench, all powders had initial vacuum sclar absorptances of
0.09 + 0.01 and were fairly stable with increases in solar absorptance,
Mg, of 0.02 + 0.005 after 230 EUVSH. Sample A-5, 950°C-quench was
thin and permitted "shine through" and absorption.

The dependence of solar absorptance on temperature was apparent for
pre-exposure and post-exposure reflectance studies, Fig. 29. The great-
est increase in absorptance with temperature was between the IDSD°C and
123D°C~quench samples. The visible region exhibited the greatest
increases in absorption with temperature. Solar absorptance was identi-
cal for ‘he 850°C-quench and anneal samples.

Ultraviolet irradiation damage to all samples was greatest in the
visible region (0.45um) and the visible damage occurred primarily in the
first 20 EUVSH. Visible damage was approximately 50% recoverable while

 iotnions |

i




JUBUBTJ PUB SIUTBI SPTX) OUTZ JO §99BY UOTYBPBATAQ 39TOTABIITN °*GZ oInITd

(HS3) 3¥NSOdX3

og! G'22 c'2 |
T T ] T T T 1T 7T T 0
il
\
g
~ 1
s IR
> T
Q
w
4¢ &
o]
O
m
=z
3
. ouz o de
(IOVH3AV) QUZ/SWND v
(3OVH3AV) OUZ/SWAd o
B 164
a1 | ] ! ! | b1 L 7°




JUIWITY PUB SJUFBL SPTXO
OUTZ P83BTPBIIL 3STOTABIFT( JI0F SUOIDTK G0°C 3B 95BaIO9( S0UBlO9TILY JO 238Y °92 °*JtTd

(HS3) 34NSOdX3

0! 622 G2 |
0
— 0! i
o>
P
w
N o
.O O
4oz ¥
e
ouZ o] p o)
6l OUZ/SAWd ¢ m
~ 08 OuzZ/SNdd © -1oe 2
(%) 8 VILINI VIN3IVW :
- ] 1 i | | ] | | ] } 1 ov

R e St adi AP Wil



pﬂmm&.nm pue sjured opPIX0
ocﬁN .owpdﬂ.o.m.nhH pm._”o.g.mav.mb .mo,w m Q65 4%8. Mmmwnoma moq.mpom.h.wmm Jo °23®'Y “°L2 aam3tg

. (HS3) 33NS0dX3
o€ T 22

T T 1 T O
~
] — i ©

- §'06 ouz o )

B . . : 1'€6 CUZ/SWWd ¥ ¢

: ¢'€6 QuUZ/SWGd ©
- . . " (%) 8 IVILINI IVIHI LV
i | i | 1 i | | i { <
SN TR B , u T T T a S :

YRR Py PO : o J.v Sy ;ww TRl P ew.vm&bmﬂm»ﬁxa 5 " N . 5 s n




Table XII. Zinc nrthotitanate Surface Areas

Heat Treatment

Surface Area (m</em)

(°c) A-l A-S A=6 A-'{_
Before Heating 2.56 1.97 1.86 1.4
850 - Anneal 1.76 1.53 1.49 1.4k
1?50 ~ Quench 2.29 1.67 1.60 1.58
950 - Quench 1.67 1.53 1.6 1.5

1050 - Quench 1.57 1.37 1.29 1.40
1150 - Quench 1.4 1.k2 1.32 1.43
Table XIII. Zinc Orthotitanate Particle Sizes

Heat Treatment P:a:r;;cle Size;:?um)

) (°c) Al A-5 A-6 A-T
Before Heating 0.44 0.58 0.61 0.80
850 - Anneal 0.64 0.7h4 0.76 0.78
850 - Quench 0.50 0.68 0.71 0.72
950 - Quench 0.68 0.74 0.78 0.78

1050 - Quench 0.72 0.83 0.87 0.81

]J.“)'O - Quench 0.78 0.80 0.85 0.79

ovp——

*Cnlculated from surface arca.
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damage in the infrared (0.8 to 1.0um) recovered compietely on air expo-
sure.
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Lack of damage dependence on ball millirg time (A-U4 to A-T series)
was surprising. Both grinding-induced strazin and chemical contamination -
increased with milling time and would be expected to contribute to
degradation cf the pigments.
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V. CONCLUSIONS

s s

e
R

E 2 Investigation of thermal control coatings composed of polymethyl-
# siloxanes pigmented with rutile and zinc oxide resulted in the following
s 7 conclusions:

? B 1. Oxygen adsorption on rutile wes present in polydimethyl-

8= = siloxane and not in polymonomethylsiloxane.

< . 2. For gas solution in the polymer and on the pigment, heats

o . of solution may be predicted by assuming separate non-

A interacting phases.

3. Rayleigh's structure factor successfully predicted the
effect of pigmentation on permeability and diffusion con-
stants.

e
[ SO

L. Pigment-polymer surface interaction did not measurably
affect ultraviolet induced solar absorptance.

—

5. Oxygen transport in the polymers was too high to limit
l induced solar absorptance of the pigment.

,_.__._.«

Ultraviolet irradiation of zinc orthotitanate powders of varying
particle size and quenched from various temperatures resulted in the
following conclusions:

—

: \ 1. Particle size and heat treatment temperature had no
9 - observable affect on ultraviclet degradation of the
: pigments.

}i 2. Pre-irradiation and post-irradiation solar absorptance
increased with quenching temperature.
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Table XVII - Oxygen Transport Constants for Oxygen in
Polymoromethylsiloxane/Rutile Compositions

T P x 10” ) S
°c) (cc(sTP)sec/ D x 107 (ce(sTP)/
em” Jem/em He) (cm”/sec) ce/atm)
Sample 10-0% Rutile
0 1.68 2.68 0.476
25 2.83 5.02 0.428
32 3.29 5.55 0.1450
50 4, 72 7.92 0.4s3
60 5.95 10.2 0.b43

0 1.3h4 2.49 0.409
25 2.26 L, 56 0.376
32 2.70 5.02 0.409
50 3.86 7.52 0.390
6 4.35 8.25 0,401

Sample 12-10,4% Rutile
25 2.13 4,06 0.399
32 2.4 4,51 c.h11
50 3.54 6,66 0.hok
60 4,22 7.¢2 0.421

S-mple 13-20.7% Rutilc
S g S S —

oy

—

——

) 0.9y 2.09 0.3k8
25 1.87 3.78 0.378
32 2.08 k,65 0.341
50 3.05 6.36 0.36i
60 3.86 8.13 0.366




